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An examination of the reaction pathway in the 2+ 1 multiphoton dissociation of a series of related iron tricarbonyl organome- 

tallic complexes is reported. The study includes the use of pressure-dependent measurementsand the application of RRKM theory 
to explore the reaction mechanism. It is concluded on the basis ofthe relative intensities of the observed iron electronic transition 
and the statistical calculations, that ground-state molecular fragments are produced via a statistical, stepwise pathway and that 
the Fe final product states result from further direct excitation to a dissociative channel. This conclusion commits with recent 
studies of Cr(C0)6 which indicate that two different mechanisms are active, leading to different product quantum states. 

1. Introduction 

Multiphoton excitation of organometallic com- 
plexes has been known for some time to result al- 
most exclusively in the production of bare metal at- 
oms 111. Recently, interest has centered on the 
mechanism of this dissociation process in both iron 
and chromium complexes [ 2-101. More specifi- 
cally, Hepburn and co-workers [ 5 ] have shown that 
the UV multiphoton dissociation of Fe( CO)5 is best 
described as a series of successive RRKh4 events, 
each of which results in the loss of a single carbonyl 
fragment. This mechanism is proposed even though 
the absorption of the first ( 193 nm) photon is suf- 
ficient to effect dissociation of three carbonyl groups. 
A similar conclusion was reached by Vernon and co- 
workers [ lo] based on a moment analysis of their 
molecular beam data. On the other hand, the dis- 
sociation of ferrocene is believed to proceed via a 
direct process by which the complex is coherently ex- 
cited to a dissociative potential energy surface and 
surface crossings result in the observed distribution 
of Fc product states [ 2,3], In the case of chromium 
hexacarbonyl, a recent report [ 9 ] invokes both of 
the mechanisms noted above in order to rationalize 
the multitude of observed product states. 

Recently, we reported the results of a 2+ 1 MPD 
experiment involving a series of structurally related 

iron tricarbonyl organometallic complexes [ 41. The 
general structure of these complexes may be noted as 
Fe(CO),L, with L=C4Hb, C6HB, C8Hs and three 
isomers of CsF,. In these experiments, 2 + 1 REMPI 
was used as a detection scheme for the analysis of the 
Fe electronic levels produced in the MPD process. 
The only detected signals were due to neutral iron 
atoms and relative populations of the three lowest 
electronic states were reported. The object of the ex- 
periment was to discern the relative influence of li- 
gand vibrational modes and Fe-ligand bond energy 
in the distribution of excited metal atom states re- 
sulting from the dissociation of the initially prepared 
excited states of the complexes. Although no defin- 
itive statement could be made with regard to the re- 
action pathway, two characteristics of this pathway 
were inferred from the results: 

( 1) the relative populations of the excited states 
were controlled by the availability of ligand vibra- 
tional modes for energy redistribution and; 

(2) given equivalent or nearly equivalent densi- 
ties of vibrational states, the controlling factor was 
the bond dissociation energy. 

In light of the recent studies from the laboratories 
cited above, we have re-examined some of the mem- 
bers of the same series of iron complexes used in the 
original study, concentrating on the butadiene 
(BUT) and octafluorocyclooctatetraene (OFCOT) 
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complexes as representative, but including measure- 
ments at a range of added background gas pressures. 
In addition, an extensive series of RRKM calcula- 
tions have been performed. Based upon the litera- 
ture cited above, at least three plausible mechanisms 
may be constructed for the MPD of the target mol- 
ecules. These mechanisms are: 

(a) “explosive” decomposition in which the 
Fe(CO),L complex is excited well beyond the total 
bond enthalpy and all of the bonds are broken si- 
multaneously by a statistical process; 

(b ) direct photodissociation of the complex by ex- 
citation to a repulsive potential energy surface and; 

(c) a sequential loss of ligands commensurate with 
the available energy. In this scheme, bonds are bro- 
ken as soon as a particular energy threshold is 
reached. 

In addition, due to the large number of molecular 
bonds and the high levels of excitation, some com- 
bination of these “pure” mechanisms rather than any 
one of mechanisms (a)-(c) may be consistent with 
the observed data. The goal of this reseurch is to use 
the data in our earlier report in conjunction the ex- 
perimental results reported here and with statistical 
calculations to identify the mechanism appropriate 
for the MPD of the Fe(CO),L series of organornetallic 
complexes. We show in this report that both the 
ground-state multiplet and the excited-state inten- 
sities are dependent upon the total gas pressure. 
Moreover, the results are consistent with statistical 
dissociation of the three carbonyl groups after ex- 
citation of the organometallic complex to the two- 
photon level with the final metal atom product states 
resulting from direct excitation of the remaining 
fragment to a dissociative potential surface. Curve 
crossings with this potential surface control the dis- 
tribution of other product states. 

2. Experimental 

The output of an excimer-pumped dye laser (Lu- 
monies T861-S/EPD-330) passed through a 15 cm 
focal length quartz lens into an ionization cell con- 
taining the sample vapor. The experimental cell was 
of the now standard parallel plate design [ 11 ] hav- 
ing a spacing of 2.5 cm with an applied potential of 
-300 V. Careful experimentation indicated that at 
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this potential (and at potentials up to the limit of the 
power supply, 600 V) the apparatus was operated in 
the ionization chamber rather than the proportional 
counter regime, i.e. no amplification was observed 
and the total ion signal was independent of the volt- 
age. Laser pulse energies were of the order of 1 mJ 
over a duration of approximately 15 ns. Greater pulse 
energies resulted in power broadened atomic spec- 
tra. All measurements were made with 0.02 Torr of 
organometallic sample vapor, but the total pressure 
varied between 0.02 and 50 Torr by use of added Ar 
or Nz. Spectra were obtained over the single photon 
wavelength range from 445 to 45 1 nm and recorded 
in steps of 0.005 nm by means of a gated integrator 
(Stanford Research Systems) and a laboratory mi- 
crocomputer. Special care was taken to ensure that 
all measurements were made under identical con- 
ditions of applied field, laser focusing and laser po- 
larization (linear). All samples were obtained from 
Strem Chemical and used without further puritica- 
tion. Argon and nitrogen were Research Grade and 
purchased from Airco. 

Since the cell was operated in the ionization cham- 
ber mode, the added background gas had no effect 
on the observed signal except to lower the ion mo- 
bility and increase the transit time to the electrode 
[ I 2 1. Therefore, any changes in the observed cur- 
rent could be attributed to photophysical/photo- 
chemical processes. In order to account for this in- 
crease in transit time, the ionization signal was 
observed on a transient recorder and the gated in- 
tegrator delay and width were adjusted so that the 
same fraction of the total current pulse (4%) was in- 
cluded in the gated period at all pressures. This di- 
rect method of adjusting the integration parameters 
is preferred to attempts to infer corrections from the- 
oretical expressions for the variation in arrival time 
with molecular density. 

3. Results and discussion 

The energy level diagram for Fe(CO)$& is 
shown in fig. 1. It may be seen that the available en- 
ergy from the initial two-photon step is sufficient to 
dissociate all three carbonyl fragments. In our earlier 
research [ 41, it was qualitatively shown that the dis- 
sociation mechanism of all of the complexes was 
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Fig. I, Energy level diagram for the Fe( CO)>L molecules. The particular mergetics shown correspond to L= C,H,. The diagram is drawn 
to scale with the total bond enthalpy of Fe(CO),C,H, taken from ref. [ 131. Using an average Fe-CO bond strength of 1.22 eV, as is 
employed in refs. [ 13,141, the energies of the unsaturated fragments are estimated to be the values shown in the figure. The atomic 
energy levels are those of Moore [ 15 1. Arrows represent a photon of wavelength 447 nm. 

similar and the actual product distribution was 
strongly dependent on the density of vibrational 
modes of the ligand. A more quantitative example of 
this behavior is shown in fig. 2, where the correlation 
between the ‘F relative populations reported in the 
earlier work [ 41 and the vibrational density of states 
at a total excitation energy of 8.25 eV for the organic 
l&and is clear. (The method used for counting the 
density of states is described below.) It is also net- 
essary to note that, although absolute intensities were 
not reported in our earlier study, under a given set 

of conditions the signal strength of all of the tran- 
sitions decreased with increasing complexity of the 
ligand. The smallest signals in the original study [ 4 ] 
were obtained for the CBFB complexes. The impli- 
cation is that the rate of formation of product de- 
creases with increasing complexity of the ligand. We, 
therefore, concluded that the initial step involved re- 
lease of the carbonyl groups and that the subsequent 
single photon absorption led to dissociation of the 
Fe-L bond. The longer association of the organic li- 
gand with the Fe atom resulted in increased proba- 
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Fig. 2. Log-log plot of the dependence of the relative excited IF 

state Fe populations on the available density of states (per cm- ’ ) 
of rhc organic ligand at a total energy of 8.25 eV. The density of 
states function was calculated via the Beyer-Swinehart algorithm 
and the populations were reported In ref. [ 41. The solid line is a 
linear least squares tit through the experimental points. 

bility of energy redistribution to the ligand modes 

and, hence, the sensitive dependence of the excited 
state population on the mode density. The prefer- 
ential breaking of Fe-CO bonds is consistent with 
observations in gas phase organometallic substitu- 
tion reactions [ 16,17 1. Returning to fig. 1, it is clear 
that the absorption of the third photon is sufficient 
to result in complete molecular dissociation and that 
the iron atoms so produced may be detected as an 
ion current by means of 2+ 1 REMPI. Moreover, at 
these laser wavelengths, 445-451 nm, the total en- 
ergy absorbed by the molecule is sufficient to pro- 
duce iron atoms in the lowest three electronic levels. 

The effect of collisions on the MPD process was 
studied by recording the change in ion current with 
increasing buffer gas pressure. The intensity of the 
current signal was observed to be a strongly decreas- 
ing function of the pressure. Therefore, the absolute 
experimental uncertainties were greatest at the high- 
est pressures used in this study. We estimate, from 
repetitive experiments, that the average uncertainty 
is 10%. The signals due to the individual members 
of the ground-state multiplet, as well as the 3F prod- 

uct states were obtained. In general, the effect of 
added Nz was greater than that of Ar, but the mag- 
nitude of the effect was independent of the nature of 
the complex. The two complexes chosen for this study 
represent the extremes of the original set with re- 
spect to the available density of states. Within ex- 
perimental error, the relative populations of the 
members of the ground-state multiplet (i.e. the 
Boltzmann temperature) and the population of the 
excited-state iron product relative to the ground state, 
were unchanged by the addition of the buffer gases. 

Welch et al. [ 181 have employed an exponential 
model to describe pressure-dependent rate constants 
for collisional energy transfer in organometallic 
systems, 

k=c, exp( -c2P) . (1) 

We have applied the same model to our data, of 
which a typical example, the Fe(C0)$,H6 complex 
with added nitrogen and argon, is shown in fig. 3. 
Data such as this have been fit to eq. ( 1) (the solid 
line in the figure) to determine the effect of the buffer 
gas and the results for the coefficients c, and c2 are 
collected in table 1. As noted, Ar is only about one- 
half as efficient as nitrogen in reducing the current 
arising from the atomic products detected by MPl, 

PRESSURE, torr 

Fig. 3. Normalized ion current for the MPI transition originating 
at the ‘D, level of atomic iron and resulting from MPD of 
Fe(CO),C,H, The lines drawn through the experimental data 
points represent the fit to the data by eq. ( I ) using the parame- 
ters of table 1. 
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OFCOT nitrogen a ‘D, 1.002 
a ‘D, 0.999 
a 5D2 1.001 

aSD, 1.004 

a 5Do 1.001 

a’F, 0.98 1 

argon a ‘D, 0.999 

a ‘D1 0.990 

a 5D2 0.998 
a5d, 0.987 

a’FJ 0.910 

a’ The average uncertainties ( 10) in the coefficients are + 10% for cI and 5 20% for c2. 

Background gas 

nitrogen 

argon 
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Table 1 
Pressure effects in the measured Fe MPI current resulting from MPD of Fe(CO),L (experimental coefficients a) for eq. (1)) 

Molecule 

butadiene 

Fe level Cl (s-l) c, (Ton-‘) 

a 5D, 0.987 0.135 

a ‘D1 0.835 0.130 

a ‘D, 0.791 0.115 
a5D, 0.891 0.098 
a’D, 0.734 0.092 

a3FJ 0.908 0.107 

a 5D., -0.994 0.067 
a ‘D, 0.999 0.084 

a ‘D, 0.986 0.057 
aSD, 0.987 0.059 

a 5D0 0.882 0.063 

a’FJ 0.884 0.044 

0.118 
0. I86 
0.122 

0.204 
0.110 
0. I36 

0.05 I 
0.073 
0.062 
0.057 

0.052 

but for a given buffer gas the magnitude of the re- A series of RRKM calculations were performed for 
laxation is identical for both the ground and excited the entire series of complexes using the Beyer-Swi- 
states. The fact that an atomic collision partner has nehart counting algorithm for computing the density 
the same effect as a molecular buffer gas is indicative of vibrational levels. In these calculations, we at- 
of a collisional energy transfer process involving an tempted to ascenain whether or not the mechanism 
internally excited, molecular intermediate. The re- of iron production is consistent with various statis- 
distribution of the initial excitation energy into vi- tical mechanisms or a series of statistical processes. 
brational modes means the amount of energy trans- Table 2 shows the results of an RRKM calculation 
ferred to the buffer gas is relatively small in in which three photons are assumed to be absorbed, 
comparison to the electronic to translational energy followed by “explosive” decomposition of the com- 
transfer necessary in collisional processes involving plex to produce ground state Fe, i.e. mechanism (a) 
the atomic resonant intermediates in the MPI de- of section 1. The rate constants resulting from that 
tection scheme [ 19 1. Moreover, the observation of calculation are much too small to allow for the ob- 
an identical energy transfer process for both the servation of any product during the time scale of the 
ground and excited states of the products is an in- experiment, which is the laser pulse width of x 15 
dication that the two channels have a common in- ns. We have also performed a calculation based on 
termediate. If atomic collisional relaxation were the a series of three sequential statistical decays after the 
correct mechanism, one would expect that the relax- absorption of two quanta of energy, with subsequent 
ation of the ‘FJ state would be twice as efficient as absorption of a third photon by the remaining FeL 
that of the ground state [ 191. fragment, resulting in statistical decomposition of 
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Table 2 
RRKM calculations for direct three-photon formation ofground 

state Fe atoms (“explosive” formation) 

Ligand 

CJL 

C,H, 
Cx& 
C,F, (rl’) 
CnF8 ($+a bond) 

, 

Excess energy (eV) 

2.47 
2.57 
2.67 
2.17 

0.77 

k (s-l) 

1.5x lo-? 
1.3x 1o-4 
2.3x10 ’ 
1.1 x 10-I” 

1.9x 10m21 

WR (q-1 2.37 5.0x lo-” 

Table 3 
RRKM calculations for formation of FeL and Fe by the sequen- 

tial mechanism 

Ligand kza, (s-’ ) 
(WCO),L 

+FeL+3CO) 

k,,, (s ‘) 
(FeL-FefL) 

C,H, 
ChHX 
CxHx 

Wx (11“) 
C,F, (q’fo bond) 

2 

3.2x IO” 2.6 x IO’ 
2.&x LO” 2.2x 106 

5.6~ lOa 7.5x 105 
I.1 x lox 1.2x 10’ 

1.1x10” 1.7x 1o-8 

GA (11-j 4.0x 10’ 1.0x lo2 

that fragment as well. The sequential process was 
suggested by Hepburn and co-workers [ 5 ] and Ver- 
non and co-workers [ lo] for the MPD mechanism 
of Fe (CO) 5 and sequential loss of CO ligands from 
the pentacarbonyl has been directly observed by 
Weitz and co-workers [ 201. The results of the cal- 
culations are shown in table 3 and yield rate con- 
stants for FeL production within the range which 
could ultimately produce a quantity of iron atoms 
easily detected in the MPI detection scheme em- 
ployed. The trend in rate constant is also in agree- 
ment with the trend observed in signal intensity in 
ref. [4], i.e. signal intensity is proportional to the 
redistribution rate constant. However, table 3 also 
indicates that statistical decay of the FeL fragment 
upon absorption of a third photon is only realistic 
within the time frame of the experiment in the case 
of the smallest ligands and earlier work [4] has 
shown that the mechanism for all of the complexes 
is identical. Therefore, we must also eliminate mech- 
anism (c) from consideration. 

The RRKM calculation has ruled out a statistical 
production of all fragments, leaving mechanism (b), 
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direct photodissociation, as the only alternative of 
the “pure” mechanisms. The production of triplet 
atomic products is inconsistent with a direct tran- 
sition to a dissociative potential surface leading to 
the observed photofragments. The latter would be 
forbidden by symmetry correlation rules. It is hy- 
pothetically possible that the initial excitation does 
lead to a very highly excited singlet surface, followed 
by intersystem crossing and subsequent decompo- 
sition of the complex along a triplet surface, but the 
pressure and density of vibrational states depen- 
dences of the MPD process make such a mechanism 
unlikely. This analysis eliminates mechanism (b ) 
from consideration and we must now consider a 
mechanism which is a synthesis of the options out- 
lined in section 1. We believe that the following 
pathway is consistent with all of the data and in- 
herently reasonable. Earlier research [ 201 has shown 
that the initial excitation of the parent pentacar- 
bony1 at these energies is a singlet-singlet transition, 
but that rapid intersystem crossing occurs. In par- 
ticular, for the complexes currently under study, ex- 
trapolation of this analysis implies that the RRKM 
decomposition to the FeL fragment occurs along a 
triplet potential surface which correlates with the 
ground states of all of the unsaturated fragments. To 
continue with the proposed mechanism, the FeL 
triplet fragment so formed absorbs an additional 
photon to populate an excited, dissociative state 
which directly correlates with the 3F iron-singlet or- 
ganic ligand products. In this model, the ground state 
is populated by curve crossings of the potential sur- 
face which leads to 5D iron atoms with the directly 
prepared triplet surface of FeL. Further support of 
the proposed mechanism arises from the relative 
populations of the ‘F atoms reported in our earlier 
work [ 41. If one assumes that the transitions are sat- 
urated and that the reported relative populations in 
our earlier research [ 4 ] are approximately the true 
populations, in all instances, the excited state is over- 
populated in comparison to the temperatures ex- 
tracted from the ground-state populations. Even in 
the absence of saturation, based on typical Einstein 
coefficients and the fact that both of the REMPI 
atomic transitions employed in this study are strongly 
allowed, the excited state must still be overpopulated 
in comparison to the statistical temperatures of the 
ground-state multiplet. The most reasonable ration- 
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ale for such a distribution is the statistical decom- 
position-direct excitation scheme proposed above. 
Moreover, the similarity of the ground-state multi- 
plet distribution regardless of the organic ligand is 
readily reconciled to this mechanism. In retrospect, 
the proposed mechanism is a synthesis of those pro- 
posed for iron pentacarbonyl [ 51, mechanism (c), 
and ferrocene [ 2,3], mechanism (b). Such behavior 
is entirely reasonable since the complexes employed 
in the study are, indeed, intermediate between these 
two extremes of carbonyl substitution. 

4. Conclusions 

By means of pressure-dependent MPI intensity 
measurements and statistical calculations, it has been 
shown that organometallic complexes of the general 
formula Fe (CO ) 3L undergo visible wavelength mul- 
tiphoton dissociation via a mechanism which in- 
volves both rapid energy redistribution and direct 
excitation. Both the ground and excited electronic 
state products were shown to evolve according to the 
same mechanism. In this reaction pathway, the com- 
plex is initially excited via two-photon absorption to 
the SZ excited state, hut undergoes rapid intersystem 
crossing to a triplet potential surface. The -CO li- 
gands are sequential expelled along this surface, 
which correlates with the ground electronic states of 
the sequential fragments. The absorption of the third 
photon by the remaining FeL fragment populates an 
excited triplet state, which evolves directly to the ‘F 
Fe product state. The ‘D ground state is populated 
by a curye crossing with this directly prepared FeL 
excited state, leading to similar effective ground state 
Boltzmann temperatures regardless of the nature of 
the organic ligand. Although the 2+ 1 MPD process 
has not been applied to any other organic-substi- 
tuted iron carbonyl complexes, the proposed mech- 
anism is sufficiently general as to be applicable to 
any member of the general class of Fe(CO),L 
molecules. 
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